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In recent years, the question of how to fabricate conductive patterns on complex ceramic surfaces in
a high-definition and low-cost manner has been an increasing challenge. This paper presents
a complete process chain for the selective metallization of Al,Os ceramic surfaces based on 3D printing.
Laser pre-activation (LPA) is used to “activate” the surface of the ceramic substrate, and then, combined
with the electroless copper plating (ECP) process, the Al,Oz substrates can be metalized with preset
patterns at room temperature, and a densely packed copper layer with high accuracy and good

reproducibility can be obtained. The obtained coating has satisfactory roughness, excellent stability and
Received 6th October 2020 bonding f d d solderability. Th istivity of th L d usi f b
Accepted 17th Novernber 2020 onding force, and good solderability. The resistivity of the copper layer measured using a four-probe

resistance meter is about 3.1 mQ cm. The limit line width of the metal circuit is about 33.2 um. Finally,

DOI: 10.1039/d0ra08499a application cases of precision devices such as antennas with ceramic substrates are prepared. This study
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1. Introduction

With the rapid development of microelectronics technology, the
complexity and density of components in electronic devices is
increasing. Therefore, the requirements for heat dissipation
and insulation of circuit substrates are increasing, especially for
power integrated circuit components powered by high current
or high voltage.”™ In addition, with the advent of the 5 G era,
new requirements have been issued for the miniaturization of
devices, especially millimetre wave antennas and filters.®
Compared with traditional resin-based printed circuit boards,
surface metallized Al,O; ceramics have good thermal conduc-
tivity, high electrical resistance, better mechanical strength,
and less thermal stress and strain in high-power electrical
appliances. Simultaneously, the dielectric constant can be
changed by adjusting the ceramics powder ratio. They are thus
widely used in the electronics and RF circuit industry, such as
high-power LEDs, integrated circuits, and filters.>”
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opens up a broader space for the design and manufacture of 3D microwave devices.

The miniaturization of device may require the original
planar layout to be changed to a spatial layout, which requires
curved substrates. Traditional ceramic-forming processes, such
as film rolling and tape casting, have advantages to produce
regular-shaped ceramics such as thin sheets,*™ but it is more
difficult to produce ceramic substrates with complex structures.
Nowadays, the realization of ceramic devices with complex struc-
tures through additive manufacturing (AM) has become a research
hotspot. This includes devices such as ceramic filters and ceramic-
based antennas that are widely used in wireless mobile commu-
nications, satellite communications, and radar systems.*

Various methods can be used to achieve metallization
patterns on ceramics, including magnetron sputtering, screen
printing, inkjet printing, and direct bonding copper coating.'*>*
Magnetron sputtering uses magnetron technology to deposit
multilayer films on the substrate, which has a good reproduc-
ibility and substrate adhesion. However, the magnetron sput-
tering technology requires expensive equipment, it is difficult to
deposit thick films due to large internal stress, and the shape
cannot be precisely controlled, which hinders its large-scale
application. Screen-printing technology can produce a thicker
conductive layer by printing conductive paste on the surface,
but it has higher requirements for the conductive paste, with
problems such as uneven stress, surface burns, and cracks
occur during sintering. Because inkjet printing technology is
mask-less, it is highly suitable for surface patterning on various
substrates, but problems such as the clogging of the nozzles due
to the aggregation of nanoparticles in the ink and the uneven
morphology of the printed patterns have brought challenges to
its further application.
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Electroless Copper Plating (ECP) is widely used in the
manufacture of integrated circuits and on-board antennas due
to its low cost, strong production capacity, and low processing
temperature.'®*>** However, Al,O; ceramics do not possess
catalytic activity, so it must be pre-activated. The traditional Pd
activation method of waste-liquid treatment is difficult,
polluting, and costly. The process of using nickel and copper as
active catalysts has thus been greatly developed. However, the
use of activated catalyst technology depends heavily on the
formulation of the activator and is not suitable for large-scale
applications. The combination of laser pre-activation (LPA)
and ECP is an effective method for preparing metal lines on the
Al,O; ceramic surface.

In this paper, LPA and ECP successfully obtained selective
metallization patterns on the surface of complex Al,O; ceramic
substrate. This method is simple, economical, and effective; it
can easily control the thickness of the copper layer; and the
obtained coating has satisfactory roughness, bonding force,
stability and good solderability.

2. Experiment

2.1. Preparation of the Al,O; ceramic substrate

The Al,O; ceramic substrate used in the experiment was
prepared by a self-developed light-curing 3D-printer. The
ceramic suspension was mainly composed of Al,0; powder
(Al,O3 = 99.5wt%, Chengdu Kewan Intelligent Technology Co.,
Ltd, Chengdu, China), photosensitive resin (polyacrylic resin,
Shanghai Airui Technology Co., Ltd., Shanghai, China),
dispersant (sodium polyacrylate, Hebei Jinghong Chemical Co.,
Ltd., Hebei, China), and so on. Al,O; powder is composed of
powder of 5 pm particle size and 500 nm particle size. The two
kinds of powder sizes were weighed at 1:1 mass ratio and
placed in a planetary ball mill (Changsha Miqi Instrument
Equipment Co., Ltd., Hunan, China) to mix. The operation mode
was set as positive and negative rotation for 8 h. The 5 pm particle
size gives the ceramic slurry good fluidity, while the 500 nm
particle size can reduce the surface defects of the sample during
debinding and sintering and improve the density.**** The photo-
sensitive resin can undergo polymerization, cross-linking and
curing reaction between monomers to become solid under 405 nm
ultraviolet light. The dispersant can prevent the agglomeration of
powders and improve the forming quality. These materials were
stirred with a vacuum mixer for 20 minutes, and then the ceramic
suspension was placed into the printer cylinder. After the slurry
was configured, the sample model designed in the CAD software
was imported into the machine for printing. After printing, the
ceramic substrate was cleaned with ethanol and placed in the
sintering furnace for debinding and sintering. Finally, the required
ceramic substrate was obtained.

2.2. Realization of selective metallization

LPA were carried out using a fibre pulse laser (Shenzhen
Chuangxin Laser Co., Ltd., Shenzhen, China) with a wavelength
of 1064 nm and nominal power of 20 W. The laser beam with
a pulse duration of 90 ns was delivered through a set of
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galvanometric mirrors that allow precise XY movement of the
laser beam and focused through a F-theta lens with focal
distance of 100 mm. This process was conducted under atmo-
spheric conditions (air and room temperature) using
a Gaussian spatial laser beam profile of diameter. The required
pattern was drawn on the laser control display, the laser focus
adjusted, and then the ceramic substrate selectively irradiated.

The main components of the ECP solution were copper
sulphate pentahydrate (CuSO,-5H,0) and formaldehyde
(HCHO). Complexing agents were mainly glycolic acid
(HOCH,COOH) and triethanolamine (C¢H;5NO;). The stabi-
lizers mainly included 2-mercaptobenzothiazole (C¢H,SNCSH);
the  accelerators  mainly included  phenanthroline
(C12HgN,-H,0). After mixing, the pH of the solution was 11.1,
and the solution was dark blue. Sodium hydroxide (NaOH) was
added to adjust the pH to 13.1 during use. The laser pre-treated
ceramic substrate with a predetermined pattern was put into
the ECP solution, and the temperature was maintained at
43.8 °C by heating in a water bath. In the experiment, we used
20 minutes as a time gradient to test the effect of different ECP
time on the copper deposition performance. Finally, the ob-
tained sample with copper pattern was immersed in antioxidant
JPL-008 (Jemply Electronic Technology Co., Ltd.) for 3-5
minutes and then washed with pure water and dried at 80 °C.

The entire experimental process is shown in Fig. 1.

2.3. Characterization

An optical microscope (CX41, Olympus) and a scanning electron
microscope (SEM, Hitachi regulus 8220) were used to check the
appearance and surface morphology of the copper plating layer.
Energy dispersive X-ray spectroscopy (EDS, Hitachi regulus
8220) was used to analyse the composition of the coating. X-ray
diffraction (XRD) technology was used to analyse the composi-
tion changes on the ceramic surface after LPA. The resistivity
was measured by a four-probe resistance meter (RTS-8). The
thickness and surface roughness of the copper layer were
measured using a probe contact three-dimensional profiler
(Nano-map 500LS) and a non-contact roughness meter (Senso-
far Slynx). The coating adhesion automatic scratch tester (WS-
2005) was used to measure the bonding force under normal
conditions.

3. Results and discussion

3.1. Al,O; ceramic surface pre-activation

The previous papers results show that ECP can be conducted on
the surface of Al,O; ceramics directly after laser treatment
without coating activators or sensitizers.”**® This shows that the
laser has changed the reactivity of the ceramic surface. Fig. 2
shows the evolution before and after the laser treatment of the
Al,O; ceramic surface. Before LPA, the SEM image of ceramic
surface shows clear and complete grains (Fig. 2a), and the
surface roughness is small (Fig. 2b). When the surface is irra-
diated by laser, the intact grains are destroyed, and the surface
shows a large number of micropores and nano-scale particle
protrusions (Fig. 2d). The roughness of the ceramic surface

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Process flow chart of selective metallization of the Al,Oz ceramic surface.

changed significantly (Fig. 2e). In addition, the most obvious
change is the colour of the ceramic surface. The area after LPA
changes from the original white to yellow-grey, and the stronger
the laser energy, the darker the colour. This is due to the
increased surface roughness and a large number of micropores
and particle protrusions on the surface changing the ability of
the ceramic surface to absorb light. Through the comparison of
XRD in Fig. 2g and h, it is found that no new phases were formed
when the Al,O; ceramic surface was treated by laser. However, we
can observe that the diffraction peaks on the surface shift to the
right and # angle becomes larger, which indicates that the crystal
lattice may be distorted after LPA. The EDS diagrams of Fig. 2c and
f show that after LPA, the ratio of Al to O on the ceramic surface
changed, from 30.06 : 69.94 to 32.77 : 67.23, which indicates that
potential oxygen vacancies are formed. This phenomenon is
consistent with the Fig. 2¢g and h. Activation is attributed to the
formation of oxygen defects and the participation of colour-centre
electrons, which induce additional electronic states in the band
gap of the ceramic substrate.?®

Fig. 3 presents a schematic diagram of the LPA and ECP on
the Al,O; ceramic surface. There were three states of laser
irradiation on the ceramic substrate: part of the material
vaporized and left the substrate; part of the material burst out of
the substrate when melted; the remainder was melted and re-
condensed on the substrate.’*** The superposition of these
three states caused the ceramic surface to present micropores
and nanoparticle protrusions. These protrusions and micro-
pores formed a “nano-locking” effect, which provided a “target
point” for the subsequent ECP. In addition, under the effect of

This journal is © The Royal Society of Chemistry 2020

light and heat coupling, point defects appeared on the ceramic
surface, forming high-density dislocations or non-chemical
ratios to form Al,O;_x and thus forming possible oxygen
vacancies. The high-energy or non-chemical composition of
dislocation Al,O;_x formed unsaturated bonds on the surface,
which changed the original Fermi level and surface activation
structure, and enhanced the ceramic surface reaction
activity.””** This was more conducive to the adsorption of
formaldehyde and divalent copper ions in the copper plating
solution and reduced the activation energy of the oxidation of
formaldehyde to formic acid and the reduction of divalent
copper ions to metallic copper, making it easier for redox
reactions to occur and catalysing the reaction. Coupled with the
“nano-locking” effect resulting from the change in roughness,
the ceramic surface could be directly electroless-copper plated
without sensitization and activation after the laser treatment.

3.2. Laser parameter analysis

Not all laser irradiation will produce the same effect, Al,O3
ceramics have high temperature resistance, so the laser must
meet a certain laser fluence threshold to enable the irradiated
ceramics to realize electroless plating activity. When the laser
fluence is small, the ceramic surface characteristics change
incomplete or unchanged, which will cause the poor coating
surface quality. The condition of the coating can be improved by
adjusting the parameters of the laser.

Fig. 4 shows the parameters of the pulsed laser. The spot
diameter used in the experiment was a fixed value of 50 um, and

RSC Adv, 2020, 10, 44015-44024 | 44017
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Fig. 2 Evolution of Al,Oz ceramic surface with LPA, (a) SEM of ceramic surface before LPA, (b) surface topography before LPA, (c) EDS analysis
before LPA, (d) SEM of ceramic surface after LPA, (e) surface topography after LPA, (f) EDS analysis after LPA, (g and h) XRD comparison before and

after LPA.

frequency of 20 kHz. The energy distribution was Gaussian as
shown in Fig. 4a. The core area of the spot has high energy and
plays a major role. The periphery of the spot was the heat-
affected zone. Fig. 4d shows the electroless plating ability of

44018 | RSC Adv, 2020, 10, 44015-44024

the ceramic surface after LPA with the ECP of 60 min (level 10 is
the best, and level 0 is completely ineffective).

When the laser fluence is low, the laser scan spacing (S) has
a greater impact on the surface pre-treatment. As shown in

This journal is © The Royal Society of Chemistry 2020
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and f) 60 min.

Fig. 4c, when S was small, the thermal core area of the spot
overlapped and it had large transverse pulse overlap. The
surface temperature history induced by the first pulse is grad-
ually elevated by the subsequent pulses due to heat accumula-
tion,* which is equivalent to a secondary treatment of this
overlap area, and the pre-activation of the ceramic surface was
more reliable. When S was large, it exceeded the spot diameter,
and the energy fluence had to be increased to activate the
ceramic surface. The result is that the activated area was not
continuous, but rather took the form of thin lines. As shown in
Fig. 4d, the line width was about 32.2 um, which is smaller than
the spot diameter of 50 pm. This is because the energy of the
spot was Gaussian and the core area was about 30 pm. Ultra-fine

44020 | RSC Adv, 2020, 10, 44015-44024

lines are of great significance to ceramic-based packaging
circuits. Similarly, when the laser scanning speed was fast, the
step between the front and rear spots became larger, lateral
pulse overlap became smaller, the secondary processing area
became smaller, and the copper plating effect became worse.

3.3. Analysis of the electroless plating process

When the electroless plating solution is under alkaline condi-
tions, the reaction is shown in the following formula:

Cu®* + 2HCHO + 40H~ — HCOO™ + H,1 + 2H,0 + Cu

This journal is © The Royal Society of Chemistry 2020
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change diagram for different reaction times; (f) the resistivity change graph and coating thickness of different reaction time.

As shown in Fig. 3, according to the changes in the deposi-
tion characteristics of the copper layer, the deposition process is
divided into three stages. The first is the early pre-deposition
stage, characterized by scattered and discontinuous copper
deposition, which mainly depends on the micropores on the
ceramic surface and the “nano locks” formed by nano bumps.
At this stage, the coating defect areas are larger and poorer in
quality. The second is the rapid deposition stage, which is
characterized by the deposition of gradually denser copper parti-
cles, with the copper deposition areas becoming gradually con-
nected and the defect area of the coating gradually becoming
smaller. The third is the deposition dynamic balance stage, in
which the coating defects almost disappear, the coating quality is
better, and the coating is thicker and has good performance.

When the electroless plating time is 15 minutes, as shown in
Fig. 5a, it is in the early pre-deposition stage. The deposited
copper clusters are distributed, with almost no connection
among the clusters. The copper that has been deposited in the
first stage becomes a new copper plating “core”, which provides

This journal is © The Royal Society of Chemistry 2020

increasingly efficient activation targets for subsequent copper
deposition and promotes the reaction.>*

As shown in Fig. 5¢, when the reaction time is 35 minutes, it
is in the rapid deposition stage, the deposition of copper
particles is dense, and they have gradually become connected.
Although there are “blanks”, the number is small and the
distribution is narrow. When the electroless plating time rea-
ches 60 minutes, as shown in Fig. 5e, the reaction reaches the
deposition dynamic balance stage, the continuity of the plating
layer is very good, and the deposited copper particles are
particularly dense. Although there are some defects in the
plating layer, the proportion is relatively small and completely
acceptable. The main trend of the copper plating reaction on
the surface of the substrate can also be seen from the energy
spectrum in Fig. 5b, d and f. As the reaction time progresses,
increasing amounts of copper deposits, and the signal from the
plating layer becomes increasingly strong, while the signal from
the substrate decreases steadily in strength. These results
indicate that as the plating time increases, continuous growth
of the copper layer can be achieved on Al,O; ceramics.

RSC Adv, 2020, 10, 44015-44024 | 44021
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Fig. 6e shows the variation of coating roughness with reac-
tion time, combined with Fig. 6a-d, which shows the topog-
raphy of the coating at different reaction times. The roughness
changed little, and the surface quality was good. The topog-
raphy was also highly intuitive in showing the good uniformity
and low roughness of the coating.

Resistivity indicates the electrical properties of the coating
and is a very important indicator of the quality of the coating.
With the increase of the electroless plating reaction time, the
resistivity of the plating layer steadily decreased; that is, the
electrical conductivity gradually improved and finally tended to
balance, as shown in Fig. 6f. In the first stage, the deposited
copper was distributed in clusters, the copper layer on the
surface was less and unevenly distributed, and there were few
interconnections, which led to a high resistivity and an increase
in the surface roughness. In the second stage, the thickness of
the copper layer gradually increased, the copper layers in
different areas began to connect to make up for the “blank”
area, and the roughness gradually decreased, while the quality
of the plating layer improved. At the same time, the resistivity
dropped rapidly. When the reaction entered the third stage, the
coating fully covered the substrate and was thicker, the resis-
tivity gradually stabilized, and the conductivity was better.
When the reaction time was too long, however, the roughness of
the coating increased rapidly. Fig. 6f also indicates the rela-
tionship between the thickness of the coating layer over time. It
provides a basis to control the thickness of the coating. These
results indicate that the copper coating on the Al,O; ceramic
surface has better surface uniformity and less roughness and
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better electrical conductivity. This is of great significance to its
welding performance and it can be applied to some microwave
devices, such as ceramic filters, antennas, frequency selective
surfaces, and other devices that have higher requirements for
surface quality.

3.4. Performance of the coating

Fig. 7a shows the change in resistance of copper plating with
and without anti-oxidation treatment when exposed to air to
determine its stability and reliability. We found that with the
increase of the exposure time in the air, the resistance of the
copper layer without anti-oxidation treatment changed greatly,
and the resistance value almost doubled. However, the resis-
tance of the copper layer after the anti-oxidation treatment
changed more gently and the range of change was small, which
shows the good stability of the plating layer.

Fig. 7c shows the combination of copper plating and ceramic
substrate. The dynamic loading force was 80 N, the rate was 10
N min ", and the final scratch length was 5 mm. The sudden
change of the curve occurred in the interval of 55-60 N, which
indicates that the substrate tore off from the plating. Although
the curve fluctuated before tearing, it remained very stable
overall, which also shows that the roughness of the coating was
small and the uniformity of the coating good, which is very
important for its practical application. Through the imprint of
the scratch in Fig. 7d, we found that the coating on both sides of
the scratch did not have obvious tearing off. This also shows the
superior bonding performance of the copper coating and the
ceramic substrate.

Fig.7 Performance of copper plating. (a) Resistance change of copper plating layer placed in the air, (b) solderability of copper plating layer, (c)

cohesion of plating layer, (d) micrograph of scratch.
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Fig. 8 Some applications by LPA and ECP.

For the application of ceramic surface metallization, the
welding performance of the coating also had to be considered.
Fig. 7b shows that when the solder dropped on the square
copper layer, the irregular shape was firmly welded to the
copper layer. When the solder dropped on the ceramic, it took
a spherical shape with a contact angle ¢ > 90°, which indicates
that the soldering performance between the solder and the
ceramic was extremely poor.

The comparison shows that the selective metallization of the
ceramic surface can be used well in the circuit board, and
compared with the traditional PCB material, no solder mask is
required. The good weldability of the copper plating layer and
the poor weldability of the ceramic provide the basis for the
application of Fig. 8.

The prototype in Fig. 8 was made by LPA and ECP, including
the variant of classic IF antenna, a QR code with author infor-
mation (you can scan it with a mobile phone), a dot matrix unit for
frequency selection surfaces, a spiral around the cylinder, and
a four-arm antenna. All these show the good application prospects
of the combination of LPA and ECP on Al,O; ceramics.

4. Conclusions

A complete process method for selective metallization of
ceramic surfaces based on 3D printing is studied here. A self-
developed DLP printer was used to prepare Al,O; ceramic
substrates, and a laser was used to selectively pre-treat the
ceramic surface to prepare for the subsequent ECP. The resis-
tance and thickness of the coating can be easily adjusted
through the electroless plating process. The prepared copper
layer has low resistivity, good stability, satisfactory solderability,
and reliable bonding force, which are all important features for
its application. This simple, low-cost, and effective method
makes it possible to use ceramic substrates in the miniaturi-
zation of integrated circuits, antennas, filters, and other
devices.
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